We have investigated the scenario of graphene when irradiated with high energetic protons and subsequently decorated with Pd atoms on one of the layers. Theoretical analyses were performed on graphene 2L (two layers) with vacancies (carbon 3 and 13) (sample A), graphene 2L with vacancies and the two carbon atoms intercalated in between the two carbon layers (sample B), graphene 2L with the vacancies intercalated and subsequently with two Pd atoms on one of the layers, the top layer (called surface) (sample C), and, last but not least, graphene 2L with vacancies intercalated and decorated with six Pd atoms on the surface (sample D). For the four cases enunciated, energy bands were performed which provided information about the semimetallic behavior, showing more semi-metallic character for the first case, while less metallic behavior occurs for the second and third one. Moreover, sample D showed a mini gap (between the conduction and valence bands) of the order of 0.02 eV and manifest semiconductor behavior. Total and projected density of states were performed in order to provide information about the contributions from each selected atom to the total DOS in the vicinity of the Fermi level in order to analyze the effect on the electronic behavior. Pd d orbitals contribute with ∼6% to the total DOS, while graphene (carbon atoms) p orbitals contribute with ∼5%. Furthermore, a strong hybridization is manifest between these two multiple degenerate orbitals.
Introduction
The study of radiation damage was extensive in the past because of the interest in fission reactors. Recently, a renewed interest in radiation damage studies has been driven by the need to expand new sources of energy and avoid environmental effects of hydrocarbons. Indeed, the development of advanced nuclear reactors is linked to the development of materials capable to operate under higher irradiation fluxes [1] [2] [3] [4] [5] [6] .
Recently, the discovery of graphene has motivated a huge interest in fundamental-as well as applied-science communities [7, 8] .
Graphite, a two-dimensional allotrope of carbon on a honeycomb lattice, has been used extensively as a basis for the discussion of carbon nanotubes [9] . Moreover, graphene is characterized by Dirac electrons [7] which is a 2D zerogap semiconductor with very interesting electronic properties.
Graphene showed unusual properties derived from its reduced dimensionality as well as its small size, which yielded an enormous potential for use in ultra-fast electronic transistors and switches.
In this work, we proceed as a continuation of a study performed in our group [10] when graphene was irradiated with a high energetic proton beam. In this case, the irradiated graphene was decorated with Pd atoms in order to investigate their effect on the electronic and magnetic properties.
It has been shown before [11] [12] [13] , that irradiation of HOPG (Highly Oriented Pyrolitic Graphite), using a high flux electron beam, produces breaking of the basal plane, disordering and even some tilt in the sample as well as creation of vacancies in different areas. In this case the main radiation damage is produced by the electron beam.
Theoretical Calculations
The calculations were carried out by means of the tightbinding method [14] within the extended Hückel [15] framework using YAeHMOP computer package [16, 17] . It is good to stress that the extended Hückel method is a semiempirical approach for solving the Schrödinger equation for a system of electrons, based on the variational theorem. In this approach, explicit electron correlation is not considered except for the intrinsic contributions included in the parameter set for each atom in question and which were obtained from S. Alvarez et al. [18] or from the most accurate ab initio calculations. The calculations were performed in the supercomputer Altix 350 located in Mexico City, and using the input files according to each specific case (Table 1) . These calculations were performed on a system selected as a repeated cluster originated from a super cell. The super cell was generated from an infinite single sheet of carbon atoms, as depicted in Fig. 1(a) , which arose from crystalline graphite using the following primitive vectors: a = 2.456 Å, c = 6.696 Å, space group 194 [19] .
To prepare our theoretical sample, an infinite hexagonal honeycomb arrangement of carbon atoms were considered as depicted in Fig. 1(a) . To make the calculations simpler, a graphite single sheet made of 40 carbon atoms as depicted in Fig. 1(b) were considered, in which two carbon atoms (3 and 13) were removed as would be a likely case of the effect of the proton irradiated beam on the sheet of carbon atoms.
The density of vacancies is of the order of ∼2.5% with respect to the total of atoms in the unit cell. Moreover, these two carbon atoms were displaced from the original location and then located at a distance of 1.67 Å (half way between the two layers) from the top layer following an intercalation between the two sheets. The second layer was created by a duplication of the 40 carbon atoms sheet (with no vacancies) in the AA configuration. The former configuration was made with the purpose of simulating a real scenario if graphene 2L were subjected to proton irradiation.
A natural candidate to generate magnetism in coated graphene is Pd, due to its very polarizable bands. Furthermore, Pd is not intrinsically magnetic due to its close shell configuration ([Kr] 36 4d 10 ) of the d orbitals. Although, in bulk, the s and d bands of Pd hybridize and exhibit Pauli paramagnetism with a high density of states in the vicinity of the Fermi level.
With these considerations in mind, our goal is to consider two layer (2L) graphene with two vacancies (carbon 3 and 13) intercalated in between the two layers and decorated with Pd atoms on one of the layers, in order to inquire the changes occurring in the electronic and magnetic properties due to the addition of Pd atoms. Table 2 provides information regarding the location of the Fermi level (eV), value of the forbidden energy gap E g (eV), and electronic behavior of the different scenarios under investigation. For each figure the vertical axis is the total energy in eV vs. k points in reciprocal space (horizontal axis). Figure 2 (a) provides information regarding energy bands for sample A. Notice that a set of multiple degenerate bands cross the Fermi level, which is located at −11.24 eV. Obvious to say, that the system presents a semi-metallic behavior. Figure 2 (b) yields energy bands for sample B. The two carbon atoms were displaced from its original location and were placed at 1.64 Å from the lower layer. Notice some differences were encountered when compared with Fig. 2(a) . The Fermi level was shifted to −11.08 eV with respect to the lower level. Moreover, the system behaves as less semimetallic due to only two degenerate bands being interlaced and crossing the Fermi level. The difference could be attributed to the interaction of the two carbon atoms with the two carbon sheets and then displaced form the network and intercalated in between the two layers.
Results and Discussion

Band Structure Calculations
In addition, Fig. 2 (c) yields information regarding sample C. Separation in between two Pd atoms is of the order of 2.84 Å (in the same plane) and these two atoms were located at 0.98 Å (perpendicular) from the surface. Note that the Fermi level has been displaced to −10.98 eV. Furthermore, the system continues to present a semi-metallic behavior like case B. The difference encountered could be attributed to the interaction of the two Pd atoms with themselves and then with one of the carbon layers. Moreover, Fig. 2(d) corresponds to sample D. The differences encountered with respect to sample A are the following. The Fermi level was displaced to −10.25 eV while a mini gap (between the valence and conduction bands) was manifest. The mini gap was of the order of ∼0.02 eV, indicating that the system behaves like a small gap semiconductor. This result implies that the 6 Pd atoms strongly influence the system, changing from semi-metallic to semiconductor behavior.
Performing an analysis to the slopes of the curves crossing the Fermi level, it is possible to see that in Figs. 2(a) to 2(d), two curves cross the Fermi level indicating the semimetallic behavior. Moreover, the slope of each figure is negative and increases going from sample A to D. On the other hand, Fig. 2(d) , sample D, none of the curves crosses the Fermi level, providing an indication of semiconductor behavior, whereas the slope of one of the curves in the vicinity of the Fermi level is negative and bigger than the slopes of the curves from samples A to C. A conclusion could be drawn from this analysis: while the slope of the curves increases, the semi-metallic behavior decreases until the system becomes a semiconductor.
In addition, we considering the concept of the effective mass m * :
Here = h/2π , the reduced value, while h = 6.626 × 10 −27 erg-sec is the Planck constant. It is necessary to stress that d 2 E(k)/dk 2 is related to the concavity of each curve under consideration. Henceforth, notice that the concavity increases for samples A to D, implying that m * decreases in that order.
On the other hand, performing a rigorous analysis of the creation of the graphene two layers, the study performed by Castro-Neto [21] reported that graphene (two layers) is a zero-gap semiconductor with peculiar electronic properties.
In our case, in order to create a single sheet of carbon atoms, each carbon atom located in the corner of a single hexagon contributes with 4 p orbital states. From those four orbital states, three are used in order to form bonds in the network; the one remaining is a p z in the perpendicular direction of the hexagon which is free to interact with orbitals belonging to foreign atoms. As explained before, Pd d and s orbitals hybridize between themselves. Once the Pd (two or six atoms) is located in the center of each hexagon of the carbon network, we see interaction with the p z orbitals forming a new hybridization which provides the final behavior of the sample in question.
It is interesting to notice from the analysis of Table 2 that the Fermi level decreases monotonically when we consider each case, samples A to D, separately. The decreasing of the Fermi level could be explained as follows: the removal or The vertical axis corresponds to energy (eV) while the horizontal axis corresponds to the % contribution to the total DOS. It is necessary to stress that in each graph the highest peak is selected as 100% contribution and all other peaks are rescaled with respect to it. In order to make the analysis simpler, only a finite number of carbon atoms were selected and projected. If all the carbon contributions were added together, the total DOS will be reproduced completely. Afterwards, only the projection of specific orbitals from the atoms that contribute most to the total DOS located in the vicinity of E f were selected, because the electric and magnetic properties are made manifest by those contributions. Figure 3 (a) yields the total and projected DOS obtained for sample B. Notice that graphene p orbitals contribute with ∼6% to the total DOS. On the other hand, Fig. 3(b) corresponds to sample C. Comparing this result with the results obtained for sample A, some differences were encountered, especially on the shape of the total DOS. Likewise, graphene p orbitals and Pd d orbitals were projected to see the interaction between these orbitals. Graphene p orbitals contribute ∼6% while Pd d orbitals with the same symmetry contribute with ∼5% to the total DOS. Most of all, a clear hybridization (overlap) between these orbitals is manifest.
On the other hand, Fig. 3(c) corresponds to sample D. Again, some differences were encountered when comparing to sample B. Graphene p orbitals contribute with ∼6% while Pd d orbitals contribute with ∼1%. Also, notice that the Fermi level crosses a valley in the DOS manifesting a mini gap of the order of ∼0.02 eV. Unfortunately the mini gap is so small that it appears as a continuous line in the total DOS.
A very important question regarding the opening of a mini gap, case D, should be addressed. As we explained before, when a single sheet of carbon atoms is created, p z orbitals from each carbon atom point up or down. These p z orbitals interact with the orbitals of the same symmetry, of the two carbon atoms that were intercalated. These interactions are severe enough so as to induce instabilities in the system, in such a way as to enhance the possibility of opening mini gaps in certain high symmetry points in the First Brillouin Zone (FBZ). Moreover, when Pd atoms (two or six) are placed on the top layer, more interactions are created between the Pd and the p z orbitals from each carbon that form the honeycomb network. All of these interactions enhance the probability for the appearance of mini gaps in certain points in the FBZ.
Crystal Orbital Overlap Population
Another objective of this study is to find a correlation between the occurrence (or absence) of a ferromagnetic transition in terms of chemical bonding. A technique has been developed by Landrum et al. [20] . They showed that the presence of M-M (M = metal) antibonding states at the Fermi level serves as a finger print to indicate the possibility for the existence of ferromagnetic instabilities.
Crystal Orbital Hamiltonian population (COHP) analysis [23] is a partitioning of the band structure energy in terms of orbital-pair contributions. The COHP provides a quantitative measure of bond strength and is appropriate for a firstprinciple calculation.
Landrum et al. [20] showed that using the concept of Crystal Orbital Hamiltonian Population (COHP) is equivalent to the use of the Crystal Orbital Overlap Population (COOP) technique used when extended Hückel theory is performed. COOP provides the total overlap population, which is not identical to the bond order, but scales like it [22] . Positive regions refer to bonding, while negative regions indicate antibonding. The amplitude of the curves depends on the number of states in that specific interval, the magnitude of the coupling overlap, and the size of the coefficients in the molecular orbital under consideration. Another simpler way to explain COOP is as follows: COOP could be understood as the orbitals (from each atom that form the solid) working together to make bonds in the crystal. Figure 4 provides a COOP figure for sample C. In the figure, energy in eV (vertical axis) vs. antibonding/bonding contribution (in %) (horizontal axis) is depicted, where the [20] demonstrated that a driven force for the creation of ferromagnetism was the removal of M-M antibonding states from the vicinity of E F as a result of the exchange splitting. The exchange splitting as well as the differential spatial extent of the two spin sublattices arises because of differential shielding of α and β electrons.
Pd atoms show very polarizable bands; hence, it is a natural candidate to consider for generating magnetism in coated graphene. Unfortunately, locating Pd atoms on top of graphene does not form metallic coating but instead forms large clusters [24] . Henceforth, a small magnetization will be expected as the result of the hybridization of the bands as predicted by Chen et al. [25] On the other hand, graphene is more electronegative than Pd, hence carbon π bands are shifted up in energy. In the cases under consideration, Pd d orbitals hybridize strongly with graphene p z orbitals but the Stoner condition [26, 27] is not satisfied, henceforth the system does not magnetize until a local interaction parameter is considered making Pd bands strongly polarized and a total magnetization is observed in the Pd unit cell indicating a ferromagnetic instability producing a strong itinerant magnetism in coated graphene.
Conclusions
From the calculations described herein, the following conclusions about graphene decorated with Pd atoms can be drawn. The calculated energy bands for samples A, B and C showed semi-metallic behavior, while for sample D they yielded a small gap semiconductor.
From total and projected DOS, it was possible to identify the contribution from each orbital of each atom in the cases enunciated in the former paragraph. Afterwards, a careful analysis of the main contributions to the total DOS in the vicinity of E f indicates that a strong hybridization occurred between Pd d orbitals with graphene p z orbitals as was predicted by Chen et al. [25] Nevertheless, COOP on graphene 2L (c) provides evidence of the existence of itinerant ferromagnetism induced into the graphene layers.
of the isolated atom in the appropriate state (Valence State Ionization Potential).
This value can be derived from spectroscopy or computed from accurate methods (ab initio). (ii) The off-diagonal elements of H are evaluated according to the Wolfsberg-Helmholtz relation (6) 
where n = principal quantum number; r = distance of the electron from the nucleus; Y (θ, ω) = angular part of the wavefunction; ς , ς 1 , ς 2 , C 1 , C 2 are tabulated computer constants.
